The Wnt signaling pathway regulates multiple aspects of the development of stem cell-like epithelial seam cells in Caenorhabditis elegans, including cell fate specification and symmetric/asymmetric division. In this study, we demonstrate that lit-1, encoding the Nemo-like kinase in the Wnt/β-catenin asymmetry pathway, plays a role in specifying temporal identities of seam cells. Loss of function of lit-1 suppresses defects in retarded heterochronic mutants and enhances defects in precocious heterochronic mutants. Overexpressing lit-1 causes heterochronic defects opposite to those in lit-1(lf) mutants. LIT-1 exhibits a periodic expression pattern in seam cells within each larval stage. The kinase activity of LIT-1 is essential for its role in the heterochronic pathway. lit-1 specifies the temporal fate of seam cells likely by modulating miRNA-mediated silencing of target heterochronic genes. We further show that loss of function of other components of Wnt signaling, including mom-4, wrm-1, apr-1, and pop-1, also causes heterochronic defects in sensitized genetic backgrounds. Our study reveals a novel function of Wnt signaling in controlling the timing of seam cell development in C. elegans.
Introduction
The mechanisms by which signal transduction pathways are integrated with temporal information to ensure the adoption of distinct cell fate at a specific developmental stage in multicellular organisms remain largely unexplored (Thummel, 2001) . In Caenorhabditis elegans, the development of seam cells, which display a stage-specific fate at each of the four larval stages (L1 to L4), provides a model to study how temporal identities of cells are concertedly regulated with other cellular properties (Moss, 2007) . Ten seam cells (H0-H2, V1-V6, and T), aligned on each side of the animal at hatching, undergo asymmetric division at each larval stage with one daughter cell retaining the seam cell fate and the other daughter cell fusing with the hypodermal syncytium or generating a neuronal structure (e.g., V5.pa and T.a). At the early L2 larval stage, certain seam cells (H1, V1-V4, and V6) also undergo one round of symmetric division with both daughters becoming seam cells. At the late L4 stage, all seam cells undergo terminal differentiation, which involves permanent cessation of the cell cycle, cell fusion, and formation of adult-specific cuticular structures, known as alae (Sulston and Horvitz, 1977) .
A cascade of heterochronic genes has been identified that form a complex regulatory pathway in controlling the temporal sequence of seam cell developmental events. Mutations in heterochronic genes cause stage-specific seam cell fates to be omitted or reiterated (Rougvie, 2005) . For example, lin-28 (encoding a cold-shock domain protein) is involved in the L2 to L3 larval stage progression (Ambros and Horvitz, 1984; Moss et al., 1997) . Mutations in lin-28 cause skipping of L2 stage-specific events and premature terminal differentiation of seam cells at the L3 stage (Ambros and Horvitz, 1984) . One important feature of the heterochronic pathway is the involvement, at distinct larval stages, of various miRNAs that downregulate the expression of target heterochronic genes, resulting in their stagespecific expression (Moss, 2007) . Up-regulation of the miRNA lin-4 at the late L1 stage results in down-regulation of lin-14 (encoding a novel nuclear protein) and lin-28 (Wightman et al., 1993; Moss et al., 1997) . The let-7 family miRNAs, including mir-84, mir-48, and mir-241, function together to inhibit the expression of hbl-1 (encoding the Hunchback homolog) in controlling the L2/L3 transition (Abbott et al., 2005; Li et al., 2005; Abrahante et al., 2003; Lin et al., 2003) . Increased levels of let-7 during the L4 stage causes reduced levels of LIN-41 protein, allowing the larval/adult switch Reinhart et al., 2000) . Mature miRNAs are generated from a~70-nucleotide precursor miRNA (pre-miRNA) with a stem-loop structure that requires the activity the ribonuclease (RNase) III-domain containing protein Dicer (Grishok et al., 2001) . miRNAs are then loaded into RNAinduced silencing complex (RISC) containing Argonaute proteins to mediate translational inhibition or degradation of target mRNAs (Ding, et al., 2005; Bagga et al., 2005; Du and Zamore, 2005) . Mutations in the single C. elegans Dicer homolog, encoded by dcr-1, and the Argonaute homologs, alg-1 and alg-2, cause defects in miRNA-mediated gene silencing and consequently lead to a retarded heterochronic phenotype (Grishok et al., 2001) .
Wnt signaling controls a wide range of developmental events and also regulates the homeostasis of stem cells in a variety of tissues in mammals (Clevers, 2006) . Wnt signals are transduced in distinct pathways, including the canonical Wnt/β-catenin cascade, the noncanonical planar cell polarity (PCP) pathway and the Wnt/calcium pathway (Clevers, 2006) . In the canonical Wnt signaling pathway, binding of Wnt to its receptors triggers a cascade of events that inhibit the degradation of β-catenin by the destruction complex, consisting of Axin and APC. The stabilized β-catenin binds to TCF/LEF in the nucleus to activate downstream target genes (Clevers, 2006) . The canonical Wnt signaling has been shown to control cell fate specification and cell migration during C. elegans development (Eisenmann, 2005) . A noncanonical Wnt pathway, also known as the Wnt/β-catenin asymmetry pathway, also exists in C. elegans that controls asymmetric cell division by regulating the asymmetric cortical distribution of β-catenin, which in turn regulates the asymmetric nuclear level of POP-1 (TCF/LEF homolog) in a reciprocal manner between the two daughters after asymmetric division (Nakamura et al., 2005; Takeshita and Sawa, 2005) . The Wnt/β-catenin asymmetry pathway contains components of a MAPK-related pathway, including MOM-4/ TAK1 (encoding a MAPKKK-related protein) and LIT-1 (encoding the Nemo-like kinase). Upon activation by Wnt signaling, MOM-4 activates LIT-1, which forms a complex with WRM-1 (β-catenin homolog) to phosphorylate POP-1, facilitating POP-1 nuclear export Shin et al., 1999; Lo et al., 2004) . The destruction complex components PRY-1 (Axin homolog) and APR-1 (APC homolog) also function in the Wnt/β-catenin asymmetry pathway by regulating the asymmetric distribution of WRM-1 (Takeshita and Sawa, 2005; Nakamura et al., 2005; Mizumoto and Sawa, 2007a) . Depending on the cell context, apr-1 can function positively or negatively in the Wnt/β-catenin asymmetry pathway (Mizumoto and Sawa, 2007b) .
Several aspects of seam cell development are regulated by Wnt signaling (Eisenmann, 2005) . The canonical Wnt pathway, through its capability to activate the expression of Hox gene mab-5, regulates the generation of the postdeirid from the anterior daughter of V5.p (Hunter et al., 1999) . The Wnt/β-catenin asymmetry pathway controls asymmetry of seam cells T and V5.p (Mizumoto and Sawa, 2007b; Huang et al., 2009) . We show here that mutations in lit-1 suppress the phenotype in a class of retarded heterochronic mutants that show a reiteration of L2 stage events, while enhancing the phenotype of precocious heterochronic mutants. Other components of the Wnt/β-catenin asymmetry pathway, including mom-4, wrm-1, apr-1, and pop-1, also interact with heterochronic genes in determining the temporal fates of seam cells. Our study uncovers a novel function of Wnt signaling in controlling the temporal fates of seam cells.
Materials and methods

Strains
The following alleles were used in this work: LGI: lin-28(n719), mom-4(ne1539ts), apr-1(bp298).
LGII: lin-4(e912), lin-29(n333), lin-42(n1089).
LGIII: dcr-1(bp132), lit-1(ne1991ts), lit-1(t1512), wrm-1 (ne1982ts).
LGIV: jcIs1(ajm-1∷GFP).
LGV: lin-46(bp312), mir-48 mir-241(nDf51), wIs51(scm-1∷GFP).
LGX: daf-12(rh257), daf-12 (rh61rh411), ain-1(bp299), alg-1(bp308), lin-14(n179ts), mir-84 (n4037), let-7(n2853), bar-1(ga80). The genomic locations for bpIs33 (col-10∷gfp∷lin-41(3′UTR)), maIs108(lin-28∷gfp∷lin-28(3′UTR)), bpIs145(lin-28∷gfp∷lin-28 3′UTR(ΔLCE)), and bpIs148(lit-1∷gfp∷unc-54(3′UTR)) have not been determined. wrm-1, mom-4, and lit-1 temperature-sensitive mutants were grown at permissive 15°C, and the newly laid mutant embryos were shifted to nonpermissive 22°C, and the development of seam cells were examined in mutant larvae.
Identification, mapping, and cloning of dcr-1, lit-1, and lin-4 dcr-1(bp132) caused more severe heterochronic defects at 15°C than at 20°C. More than 50 seam cells were found in dcr-1(bp132) mutants at 15°C (Table S1 ). Further analysis revealed that the L2 division pattern was reiterated at the L3, L4, and young adult stages. All experiments were performed at 20°C in this study unless otherwise noted.
dcr-1(bp132) animals were used for EMS mutagenesis and F2 progeny were screened for mutants that suppressed the retarded heterochronic defects in dcr-1 mutants at 20°C. From~4000 genomes screened, three mutations, bp238, bp239, and bp245, were identified that suppressed both the increased number of seam cells and the defect in the formation of alae in dcr-1(bp132) mutants.
In bp238;dcr-1 mutants, the average number of seam cells was 16.4 (n = 24), and complete alae structures were formed in young adults (Fig. S1 ). bp238 was completely dominant in suppressing the retarded heterochronic defects in dcr-1 mutants. bp238/+;dcr-1 mutants had an average number of 16 seam cells and displayed full-length alae at the young adult stage (n = 50). bp238 could not suppress the heterochronic defects caused by dcr-1(RNAi). There was an average of 29.0 seam cells in bp238;dcr-1(RNAi) at the young adult stage (n = 38) compared to 28.4 in dcr-1(RNAi) animals (n = 28). Therefore, bp238 is an allele-specific suppressor of reduced dcr-1 activity.
Three-factor mapping placed bp238 in a small interval where lin-4 is located. From the bli-2/+ +/bp238 dpy-10/+;dcr-1/dcr-1 cross, 36 out of 40 Bli non-Dpy recombinants carried bp238. We sequenced the lin-4 locus in bp238 mutants and found a G N A mutation in the prelin-4 loop. This mutation is predicted to create an extra U:A pair, thus extending the stem structure of pre-lin-4 (Fig. S1 ). dcr-1(bp132) mutants carrying a lin-4(bp238) transgene had an average of 16 seam cells (n = 50) and also showed wild-type terminal differentiation of seam cells (Fig. S1) , consistent with the dominant role of bp238 in suppressing the retarded heterochronic phenotype of dcr-1. The level of lin-4 was elevated in bp238; dcr-1(bp132) mutants compared to dcr-1 mutants (Fig. 5A ), suggesting that bp238 is an allele of lin-4, which can be processed by DCR-1(bp132) more efficiently than wildtype lin-4.
Three-factor mapping placed bp239 on linkage group III close to unc-25. From the dcr-1/dcr-1 dpy-18/+ unc-25/+ +/bp239 cross, all Dpy non-Unc recombinants (n = 20) carried bp239. dcr-1 lit-1(bp239) animals carrying the W06F12.1c transgene showed a reiteration of the L2 stage division pattern at the L3 stage and also a delay in terminal differentiation of seam cells, as in dcr-1 single mutants. Wild-type animals carrying the same transgene did not show any defects in the seam cell division pattern.
Lineage analyses
Single worms were placed on 2% agarose pads with M9 buffer. After observation, each animal was aspirated and placed onto a fresh plate to recover. This procedure was repeated every 2 hours.
Northern blot
To determine levels of let-7 and lin-4 RNA, total RNA isolation and Northern analyses were performed as described in Grishok et al., 2001 . Total RNA was isolated from synchronized late L4 and young adult animals.
RNA interference
Single-stranded RNA (ssRNA) was transcribed from a T7-and SP6-flanked dcr-1 PCR template (K12H4, nt 30163 to 31524). The ssRNAs were then annealed and injected into animals. F1 eggs laid by the injected animals between 4 and 48 hours were collected for further analysis.
For RNAi feeding, synchronized wild-type or dcr-1 adult hermaphrodites were fed with bacteria expressing dsRNA, and their progenies were analyzed. The majority of animals fed with pop-1, lit-1, or apr-1 dsRNAs were arrested at embryonic stages in the next generation. Seam cell development was examined in those animals that survived due to partial reduction of gene activity.
Reporter construction
The gfp coding sequence was placed at the C-terminal end of the coding sequence in all reporter constructs described below. The reporter was coinjected with pRF4(rol-6).
lit-1∷gfp∷unc-54 was made by fusing the 1.8 kb promoter and genomic sequence of isoform lit-1b (W06F12, nt 4938 to 12161) with the gfp coding sequence and unc-54 3′UTR (amplified from ppD95.79). The lit-1∷gfp∷unc-54 reporter was functional in rescuing seam cell development in dcr-1 lit-1 mutants. The integrated transgenic lines of lit-1∷gfp∷unc-54 were obtained by γ-ray irradiation and were backcrossed two times.
lit-1(bp239)∷gfp∷unc-54 was made by fusing the 1.8 kb promoter and coding sequence of isoform lit-1b (amplified from genomic DNA of bp239 mutants) with the gfp coding sequence and unc-54 3′UTR (amplified from ppD95.79). The lit-1(bp239)∷gfp∷unc-54 reporter could not rescue the dcr-1 lit-1 double mutants.
gfp∷lit-1(3′UTR) was made by replacing the unc-54 3′UTR in the plasmid ppD95.79 with a 1.5 kb 3′UTR sequence of lit-1 (W06F12, nt12162-13620). lit-1∷gfp∷lit-1 was then made by fusing the 1.8 kb promoter and coding sequence of lit-1b with the gfp coding sequence and lit-1 3′UTR (amplified from gfp∷lit-1).
lit-1cDNA∷gfp∷unc-54 was made by inserting the cDNA sequence of lit-1b into the plasmid ppD95.79. ceh-16p∷lit-1cDNA∷gfp∷unc-54 was made by fusing the 2.5 kb promoter of ceh-16 (C13G5, nt 4341-6883) with the cDNA sequence of lit-1b, the coding sequence of gfp and the unc-54 3′UTR (amplified from lit-1cDNA∷gfp∷unc-54).
lit-1b(K97G)∷gfp∷unc-54 was made by using a PCR-based sitedirected mutagenesis method to introduce the K97G mutation in LIT-1b. ceh-16p∷lit-1b(K97G)∷gfp∷unc-54 was made by fusing the 2.5 kb promoter of ceh-16 (C13G5, nt 4341-6883) with the cDNA sequence of lit-1b, the coding sequence of gfp and the unc-54 3′UTR (amplified from lit-1cDNA(K97G)∷gfp∷unc-54).
Results
Reduced dcr-1 activity causes retarded heterochronic defects
In a genetic screen to identify mutants with an increased number of seam cells, we isolated a new allele of dcr-1, bp132 (see Materials and methods for details). There was an average of 31.9 seam cells in dcr-1(bp132) mutant young adults compared to 16.0 in wild-type animals (Figs. 1A-C). Seam cells continued to divide, and gaps were visible in the alae structures at the young adult stage in dcr-1(bp132) mutants (Figs. 1D and E), indicating that dcr-1(bp132) animals exhibited retarded heterochronic defects. By analyzing seam cell lineages, we found that the L2 stage-specific division pattern was reiterated at the L3 stage and terminal differentiation was delayed in dcr-1(bp132) mutants ( Fig. 1F and Fig. S2 ). We sequenced dcr-1 (bp132) and found that the aspartate (GAC) at amino acid position 1625 in the RNase III domain of DCR-1 was mutated to asparagine (AAC). RNAi inactivation of dcr-1 also resulted in retarded heterochronic defects (Table 1) . dcr-1, which encodes the only C. elegans Dicer homolog, is required both for processing of miRNAs and for generation of~21 nucleotide small interference RNA from doublestranded RNA for RNAi (Knight and Bass, 2001; Ketting et al., 2001) . Consistently, dcr-1(bp132) also caused a defect in RNAi (Fig. S3 ). The dcr-1 null mutants are sterile (Knight and Bass, 2001 ). Thus, dcr-1 (bp132) is a hypomorphic allele of dcr-1.
Loss of function of lit-1 suppresses retarded heterochronic defects caused by reduced dcr-1 activity
We conducted a genetic screen and identified three mutations, bp239, bp238, and bp245, that suppressed both the increased number of seam cells and the defect in the formation of alae in dcr-1(bp132) mutants (Figs. 1G and H and Fig. S2 ; data not shown). These three mutations also partially suppressed the heterochronic defect in dcr-1 (bp132) mutants at 15°C (Table S1 ). Subsequent analysis demonstrated that bp245 is a new allele of lin-42. bp238 is a new allele of lin-4 that can be processed by DCR-1(bp132) more efficiently than wildtype lin-4 ( Fig. S1 and Fig. 5A ). bp239 was further characterized in this study.
To assess the basis for the suppression of the retarded heterochronic phenotype of dcr-1 mutants by bp239, we followed the division pattern of seam cells and found that the wild-type L3 division pattern was adopted and seam cells terminally differentiated at the late L4 stage in dcr-1 bp239 mutants ( Fig. 1I and Fig. S2 ). bp239 also suppressed the retarded heterochronic defects caused by dcr-1(RNAi) ( Table 1 ), indicating that bp239 is not an allele-specific suppressor of reduced dcr-1 activity.
By performing transformation rescue experiments, we found that a transgene containing the fosmid WRM0632dF09 restored the number of seam cells in dcr-1 bp239 double mutants to 28.0 on average, which is similar to that in dcr-1(bp132) single mutants (Fig. 1J ). The formation of alae was also defective in 100% of dcr-1 lit-1 mutants carrying this transgene (n = 16). The rescuing activity was further mapped to a PCR fragment containing a single gene, lit-1, which encodes the Nemo-like serine/threonine protein kinase ( Fig. 1J ) . LIT-1 has multiple isoforms and all contain the serine/threonine kinase domain. The smallest isoform of lit-1, lit-1c, still possessed the rescuing activity (Fig. 1J ). lit-1b is used for rest of the study unless otherwise noted. lit-1(bp239) contained an alanine (GCA) to valine (GTA) mutation at codon 78 of LIT-1b, which is located in the kinase domain (Fig. 1K ). RNAi inactivation of lit-1 also suppressed the defect in the number of seam cells and formation of alae in dcr-1(bp132) mutants (data not shown). lit-1 null mutants arrest at early embryonic stage . Thus, bp239 is likely to be a partial loss-of-function allele of lit-1.
lit-1(bp239) enhances the precocious heterochronic defects caused by loss of function of lin-42, lin-28, and lin-14
We determined the temporal pattern of seam cell development in lit-1(bp239) single mutants. As in wild-type animals, the average number of seam cells was 15.8 in lit-1(bp239) mutants and seam cells underwent terminal differentiation at the L4 larval stage. However, we observed that fusion of seam cells, visualized with the adherent junction marker ajm-1∷gfp, at the late L3 larval stage in 1.1% of lit-1 mutants (n = 90) at low temperature (15°C) (Figs. 2A-D) . Thus, lit-1 (bp239) causes a very low penetrance of precocious terminal differentiation of seam cells.
We next examined the genetic interactions between lit-1 and other precocious heterochronic mutants. Mutations in lin-42, encoding the C. elegans homolog of the circadian rhythm component period, cause precocious expression of adult fates at the late L3 stage but do not affect the L1 and L2 stage fates (Figs. 2E and F) (Jeon et al., 1999) . We found that lit-1(bp239) greatly enhanced the terminal differentiation defect in lin-42(n1089) mutants ( (Fig. 2K) . Seam cell lineage analysis revealed that the L2 stage-specific division pattern was skipped in lin-42;lit-1 mutants (Fig. 2L) . The genetic interaction suggests that and V6 in a dcr-1 mutant animal. Seam cell lineages were followed from the L2 to adult stage in the animal shown. G and H. lit-1(bp239) suppresses the retarded heterochronic defect in dcr-1 mutants. In dcr-1 lit-1 mutants, 16 seam cells are present (G) and full-length alae (arrow) are formed (H). I. Seam cell lineage of dcr-1 lit-1 mutants. Three animals were analyzed. The wild-type L3 division pattern was observed in the animal shown. J. lit-1 was mapped on linkage group III (LGIII), close to unc-25. lit-1 encodes multiple isoforms. dcr-1 lit-1 mutants carrying the transgene containing fosmid WRM0632dF09 or the PCR fragment containing the smallest isoform of lit-1 (lit-1c) had more than 27 seam cells, similar to the number in dcr-1 mutants. Number of rescued and total examined transgenic lines is indicated. K. LIT-1(bp239) contains an alanine to valine mutation at codon 78 of LIT-1b, which is in the kinase domain. Scale bar: 10 μm.
lit-1 is likely to act redundantly with lin-42 in controlling the L2 stage-specific fate.
Mutations in the early acting heterochronic gene lin-14 and lin-28 cause the omission of the L1 and L2 larval stage, respectively, resulting in the adoption of adult specific seam cell fate one stage earlier. lit-1 (bp239) enhanced the precocious defects in lin-28(n719) null mutants. Seam cells were fused in 66.7% of lin-28;lit-1 double mutants at the late L2 larval stage, one stage earlier than in lin-28 single mutants (Table 2 and Figs. 2M-P). lin-14(n179ts) mutants showed no precocious defects at 15°C, while lin-14(n179ts) in combination with lit-1(bp239) caused premature fusion of seam cells at the L3 larval stage in 61% of animals (Table 2) . lit-1(bp239) also enhanced the defect in lin-14(n179ts) mutants at nonpermissive temperatures. These results corroborate the notion that loss of function of lit-1 causes precocious heterochronic defects.
Loss of function of lit-1 suppresses other retarded heterochronic mutations that cause reiteration of the L2 stage-specific fate Apart from dcr-1(bp132), a number of other mutations cause a retarded heterochronic phenotype characterized by a reiteration of the L2 fate at the L3 stage and a delay in terminal differentiation. These include the recessive gain-of-function allele of daf-12(rh257) (encoding a nuclear hormone receptor) and loss-of-function allele of alg-1, ain-1 (encoding the GW182 homolog), lin-46 (encoding the homolog of the scaffolding protein gephyrin), and let-7 family miRNAs (Antebi et al., 1998; Pepper et al., 2004; Grishok et al., 2001; Ding et al., 2005; Abbott et al., 2005; Li et al., 2005) . We found that the increased number of seam cells and the defect in formation of alae in daf-12(rh257) and putative null mutants of alg-1, ain-1, lin-46, and let-7 family miRNAs were dramatically suppressed by lit-1(bp239) ( Table 1 and Figs. 3A-H). For example, 100% of daf-12 mutants contained gaps in the alae, while complete full-length alae were formed in 43% of lit-1;daf-12 double mutants (Figs. 3A-D) . These results suggest that lit-1(bp239) suppresses the phenotype of retarded heterochronic mutants that display repetition of the L2 division pattern at the L3 larval stage.
We further examined the relationship between lit-1 and other retarded heterochronic mutants. The lin-4(e912) null mutation leads to the reiteration of the L1 stage fate at subsequent larval stages and no alae are formed at the young adult stage (Ambros and Horvitz, 1984) . We found that as in lin-4 single mutants, alae were not found at the young adult stage in lin-4;lit-1 double mutants (Table 1 ). The delay in terminal differentiation of seam cells in let-7(n2853) mutants was also not affected by lit-1(bp239) ( Table 1) . lin-29 functions downstream in the heterochronic pathway in specifying the larval/adult switch. As in lin-29 single mutants, no alae were generated in lin-29(n333);lit-1(bp239) double mutants, consistent with the hypothesis that lit-1 functions upstream of lin-29 (Table 1) . 
(B), (D), (F), (H), (N), (P), (R) and (T): Nomarski images of the gonads of the animals shown in (A), (C), (E), (G), (M), (O), (Q) and (S), respectively. Scale bar: 10 μm.
Overexpression of lit-1 causes heterochronic defects opposite to those in lit-1(bp239) mutants Animals carrying a transgene containing multiple copies of wildtype lit-1 displayed no obvious heterochronic defects. However, the precocious heterochronic phenotype of lin-28 and lin-42 mutants was greatly suppressed by the lit-1 transgene. Adult alae (full-length or partial) were prematurely synthesized in 100% of lin-42 (n = 29) and lin-28 (n = 28) mutants at the middle L4 larval stage. However, only 12% and 31.6% of lin-42 (n = 25) and lin-28 (n = 19) mutant animals carrying the lit-1 transgene exhibited precocious alae at the middle L4 stage, respectively (Figs. 2Q-T and data not shown). The lit-1 transgene also enhanced the retarded defects in daf-12 mutants (Table 1) . Taken together, these results show that overexpression of lit-1 caused retarded heterochronic defects in sensitized genetic backgrounds, further confirming a role of lit-1 in controlling temporal fates of seam cells.
lit-1∷gfp is periodically expressed in seam cells
lit-1 is widely expressed during embryogenesis Lo et al., 2004) . We constructed a translational fusion reporter with gfp inserted at the C-terminus of LIT-1b, which was functional in rescuing the number of seam cells and formation of alae phenotype in dcr-1 lit-1 mutants (Table S2) . LIT-1∷GFP localized to both cytoplasm and nucleus and was broadly expressed in a variety of cell types at postembryonic stages, including in seam cells, vulva cells, neurons and pharyngeal muscles (Figs. 4A-L and Fig. S4 ; data not shown). In seam cells, LIT-1∷GFP was present in both nucleus and cytoplasm and displayed a highly dynamic temporal pattern. LIT-1∷GFP was barely detected in the early and middle stages of each larval stage (Figs. 4A, B , F, and G). LIT-1∷GFP was strongly detected at late period within each larval stage (Figs. 4C and H) . Then, LIT-1∷GFP formed punctate structure in the cytoplasm and levels of LIT-1∷GFP in nucleus became weaker (Figs. 4D, E, I , and J), followed by disappearance of LIT-1∷GFP in seam cells (Figs. 4F, G, K, and L) . This periodic expression pattern of LIT-1∷GFP was repeated at each larval stage. Seam cell expression of lit-1∷gfp was not detectable at the young adult stage. Therefore, LIT-1∷GFP oscillates in seam cells during each larval stage.
To understand how the function of lit-1 is disrupted by the bp239 mutation, we constructed a lit-1∷gfp reporter containing the A78V mutation found in lit-1(bp239). lit-1(bp239)∷gfp was expressed in vulva cells, intestine cells, and neurons in the head region at a level similar to that of lit-1∷gfp ( Fig. S4 ; data not shown). However, LIT-1 (bp239)∷GFP could not be detected in seam cells and pharyngeal muscles at any stage (Figs. 4M and N and Fig. S4 ), which is consistent with lit-1(bp239), causing defects in the development of seam cells but does not result in other defects such as embryonic lethality associated with lit-1(null).
lit-1 functions cell-autonomously to regulate temporal fates of seam cells
The periodic expression of lit-1 in seam cells prompted us to determine whether lit-1 cell-autonomously controls the stage-specific fate of seam cells. We expressed lit-1b cDNA using a seam cell-specific ceh-16 promoter (Fig. 4O) (Huang et al., 2009) . dcr-1 lit-1 mutants carrying the ceh-16∷lit-1cDNA∷gfp transgene had 27.6 seam cells on average and defects in adult alae (Figs. 4P and Q and Table S2 ). Thus, expression of lit-1 in seam cells rescues the seam cell phenotype in dcr-1 lit-1 mutants. The ceh-16∷gfp reporter, in which gfp was under the control of ceh-16 promoter, was continuously expressed during seam cell development (Fig. S4) . However, ceh-16∷lit-1cDNA∷gfp displayed the same periodic expression pattern in seam cells as the above described lit-1∷gfp reporter (Fig. S4) , indicating that the dynamic expression of LIT-1 is likely to be regulated at the posttranscriptional level.
The kinase activity of LIT-1 is essential for its role in the heterochronic pathway
We next investigated whether the kinase activity of LIT-1 is required for specifying temporal identities of seam cells. The lysine at amino acid 97 (K97) of LIT-1b in the predicted ATP binding site is essential for the kinase activity of LIT-1 . We introduced a lysine to glycine mutation at position 97 of LIT-1b (K97G) in the ceh-16∷lit-1∷gfp reporter. The ceh-16∷lit-1b (K97G)∷gfp reporter was expressed in seam cells at a level similar to that of ceh-16∷lit-1∷gfp (Fig. 4R) . dcr-1 lit-1 animals carrying the ceh-16∷lit-1b(K97G)∷gfp transgene showed formation of full alae at the young adult stage (Figs. 4S and T and Table S2 ), indicating that lit-1b(K97G)∷gfp is not functional in rescuing the seam cell phenotype in dcr-1 lit-1 mutants. Thus, the kinase activity of LIT-1 is essential for its role in suppressing the retarded heterochronic phenotype of dcr-1 mutants.
lit-1(bp239) acts at a step downstream of miRNA biogenesis in dcr-1 mutants
We further determined how lit-1(bp239) suppresses the retarded heterochronic defects in dcr-1 mutants. Levels of mature lin-4, let-7 and the let-7 family miRNAs were decreased in dcr-1(bp132) mutants (Fig. 5A and data not shown) , which is consistent with the presence of a mutation in the RNase III domain of DCR-1(bp132). The levels of mature lin-4 and let-7 remained low in dcr-1 lit-1 double mutants and were similar to those in dcr-1 mutants (Fig. 5A) . Thus, lit-1(bp239) does not affect the RNA processing activity of DCR-1(bp132).
We next examined whether lit-1(bp239) affects the expression of lin-28 and lin-41, which are repressed by lin-4 and let-7, respectively. In wild-type animals, expression of the functional translational fusion reporter lin-28∷gfp∷lin-28 (containing the 3′ UTR of lin-28) was restricted to early larval stages and was undetectable at the L3 stage and onwards due to down-regulation by lin-4 (Fig. 5B) (Moss et al., 1997) . Strong expression of lin28∷gfp∷lin-28 persisted in dcr-1(bp132) L3 larvae (Fig. 5C) . However, LIN-28∷GFP was essentially absent at the L3 stage in dcr-1 lit-1 mutants (Fig. 5D) . We further measured the mRNA levels of lin-28. Consistent with the previous study that lin-4 also mediates the degradation of lin-28 mRNA (Bagga et al., 2005) , the levels of lin-28 transcripts were elevated in dcr-1 mutants (Fig. 5G) . As in dcr-1 single mutants, the lin-28 mRNA levels remained high in dcr-1 lit-1 double mutants (Fig. 5G) , indicating that lit-1 does not affect the transcription or stability of lin-28 mRNA. To explore whether lit-1 regulates lin-28 expression at the post-transcriptional level via its 3′UTR, we examined the expression of lin-28∷gfp∷lin-28 3′UTR(ΔLCE), in which the lin-4 complementary element (LCE) is deleted. This reporter is expressed at late larval stages and also causes retarded heterochronic defects ( Fig. 5E ) (Moss et al., 1997) . We found that lit-1(bp239) did not suppress the expression nor the retarded heterochronic defects in animals carrying the lin28∷gfp∷lin-28 3′UTR(ΔLCE) (Fig. 5F and Table 1 ), suggesting that lit-1 represses lin-28 expression at the posttranscriptional level via LCE.
The expression of a col-10∷gfp∷lin-41 reporter, which contains the 3′UTR of lin-41 and is specifically expressed in the hypodermal cells, is normally downregulated at the young adult stage by let-7 (Cai et al., 2008 ). Consistent with the reduced level of let-7, expression of col-10∷gfp∷lin-41 was elevated in dcr-1(bp132) mutant young adults. The ectopic expression of this reporter in dcr-1 mutants was suppressed by lit-1(bp239) (Fig. S5) . These results suggest that lit-1 functions downstream of, or in parallel to, miRNA in repressing target heterochronic genes.
Loss of function of other components of the Wnt/β-catenin asymmetry pathway suppresses retarded heterochronic mutations that cause reiteration of the L2 stage fate
We next determined whether other components of Wnt signaling are also involved in specifying temporal fates of seam cells. In the Wnt/β-catenin asymmetry pathway, upon activation by MOM-4, LIT-1 forms a complex with WRM-1 to phosphorylate POP-1, resulting in the nuclear export of POP-1 Shin et al., 1999; Lo et al., 2004) . Complete loss of function of these genes causes embryonic lethality. Thus, we shifted temperature sensitive mom-4 (ne1539) and wrm-1(ne1982) mutant animals to nonpermissive temperature at early embryonic stages and examined the number of seam cells and formation of alae at late larval and young adult stages. The number of seam cells and formation of alae was normal in mom-4(ne1539) and wrm-1(ne1982) single mutants. No obvious defects in the formation of alae were detected in pop-1(RNAi) animals and in partial loss of function of apr-1(bp298) mutants (Huang et al., 2009 ). However, mom-4; lit-1 double mutants showed precocious formation of adult alae (Table 2) . mom-4(ne1539), wrm-1 (ne1982), pop-1(RNAi), and apr-1(bp298) partially suppressed the retarded heterochronic phenotype of dcr-1, alg-1, lin-46, or daf-12 mutants (Table 1 and Fig. S6 ). bar-1 has been shown to specifically function in the canonical Wnt signaling pathway (Eisenmann, 2005) . We found that bar-1(ga80) null had no effect on the retarded heterochronic defect in dcr-1, daf-12, lin-46, and alg-1 mutants (Table 1; Fig. S6 ). These results indicate that the Wnt/β-catenin asymmetry pathway is involved in specifying the stage-specific fates of seam cells. (arrows) . P and Q. dcr-1 lit-1 mutants carrying the ceh-16∷lit-1∷gfp transgene show increased numbers of seam cells (P) and defects in the formation of alae (arrow in Q). R. ceh-16∷lit-1b(K97G)∷gfp, which contains a K97G mutation in lit-1, is expressed in seam cells (arrow). S and T. As in dcr-1 lit-1 mutants, dcr-1 lit-1 mutants carrying the ceh-16∷lit-1b(K97G)∷gfp transgene show wild-type seam cell numbers (S) and formation of full-length alae (arrow in T). Scale bar: 10 μm.
Discussion
Role of lit-1 in specifying temporal identities of seam cells
Here we provided evidence that lit-1 plays a role in controlling the stage specific fate of seam cells during larval development. The lit-1 (bp239) mutation causes weak precocious heterochronic defects and suppresses the retarded heterochronic phenotype in mutants with a reiteration of the L2 stage division pattern, including lin-46, ain-1, alg-1, and dcr-1. lit-1(bp239) enhances, while lit-1 overexpression suppresses, the precocious heterochronic defects in lin-42 and lin-28 mutants. One function of lit-1 in the heterochronic pathway appears and let-7 in wild-type, dcr-1(bp132), lin-4 (bp238); dcr-1 and dcr-1 lit-1(bp239) animals. The level of lin-4 and let-7 is reduced in dcr-1 and dcr-1 lit-1 mutants. The lin-4 level is partially restored in lin-4(bp238); dcr-1 mutants. The number underneath each band represents the ratio of RNA in the mutants versus the wild-type animals, normalized to the U6 loading control. B. Expression of the lin-28∷gfp∷lin-28 reporter is almost undetectable at the L3 larval stage in a wild-type animal. The head region was shown in (B)-(F). C. Expression of the lin-28∷gfp reporter persists in the head region in dcr-1 L3 larvae (marked with bar). D. Very weak expression of the lin-28∷gfp reporter in dcr-1 lit-1 L3 larvae. E. The lin-28∷gfp∷lin-28 3′UTR(ΔLCE) reporter is expressed in L3 larvae. F. lit-1(bp239) has no effect on the expression of lin-28∷gfp∷lin-28 3′UTR(ΔLCE) in L3 larvae. Arrowheads indicate seam cells labeled by scm∷gfp. G. Levels of lin-28 mRNA, detected by quantitative RT-PCR, in wild-type, dcr-1 and dcr-1 lit-1 mutants at the L3 stage. Error bars indicate the SD. H. Model for the Wnt/β-catenin asymmetry pathway in the heterochronic pathway. DCR-1 is required for the maturation of miRNAs. RISC, containing AIN-1 and ALG-1, mediates the silencing of target heterochronic genes by miRNAs. Targets of the Wnt/β-catenin asymmetry pathway may be involved in repressing the miRNA-mediated gene silencing, either by modulating the activity of RISC or in parallel to RISC.
to act redundantly with lin-42 in controlling the L2/L3 progression. Seam cells undergo the characteristic L2 division pattern in lit-1 and lin-42 single mutants. However, L2 stage events are omitted in lin-42; lit-1 double mutants. The cyclical expression pattern of lit-1 suggests that lit-1 may play multiple or reiterated roles in specifying the temporal fates of seam cells at other larval stages, which is further supported by that simultaneous loss of function of lit-1 in lin-28, lin-14, and lin-42 mutants causes the terminal differentiation of seam cells occurring one stage earlier than the single mutants. Since a partial loss of function allele of lit-1 was used in the genetic analysis (lit-1 null is embryonic lethal), the interactions between lit-1 and other heterochronic genes are not sufficient to place lit-1 in the heterochronic pathway.
Our results suggest that lit-1 may negatively regulate the miRNAmediated silencing of target heterochronic genes. Loss of function of lit-1 suppresses the elevated expression of lin-28 and the reporter containing the lin-41 3′UTR in dcr-1 mutants. lit-1 has no effect on biogenesis of lin-4 and let-7 and also does not alter the mRNA level of lin-28 in dcr-1 mutants. Expression of the lin-28 reporter with a deletion of the lin-4 binding site at the 3′UTR is not affected by lit-1 (bp239). Furthermore, lit-1(bp239) cannot suppress the retarded heterochronic defects in lin-4 and let-7 mutants. lit-1 functions in the Wnt/β-catenin asymmetry pathway in regulating temporal identities of seam cells (see below). One possibility is that targets regulated by the Wnt/β-catenin asymmetry pathway negatively modulate the efficacy of miRNA-mediated gene silencing of target heterochronic genes (Fig. 5H ).
Temporal expression of lit-1 in seam cells
The level of LIT-1 in seam cells oscillates within each larval stage with strong expression in the late period within each larval stage. LIN-42 also displays a periodic expression pattern; both LIN-42 protein and mRNA abundance oscillate during the molting cycles, with high levels in the intermolt (Jeon et al., 1999; Tennessen et al., 2006) . A previous study showed that lit-1 is a target of DAF-12 (Shostak et al., 2004) . The expression of a lit-1b transcriptional reporter, which contains the promoter and DAF-12 response elements and the N-terminal 56 amino acids, is regulated by DAF-12; its expression in pharyngeal muscles is greatly diminished, while its expression in seam cells and vulva cells is elevated in L4 animals in daf-12 mutants (Shostak et al., 2004) . The expression of the functional lit-1∷gfp translational reporter described in this study does not show changes in pharyngeal and seam cells in daf-12 mutants at the larval stages (Fig. S4) . Thus, the role of DAF-12 in transcriptional regulation of lit-1 in seam cells is overridden by other mechanisms to ensure the periodic expression of LIT-1. When driven by the seam cell specific ceh-16 promoter, lit-1 displays the same periodic expression pattern as the wild-type lit-1 reporter, indicating that the oscillation of LIT-1 in seam cells is likely to be controlled at the posttranscriptional level.
LIT-1 is removed at each of four larval stages in seam cells. Autophagy and the ubiquitin-proteasome system (UPS) are the two main protein degradation pathways (Rubinsztein, 2006) . Autophagy is a highly conserved system that mediates the degradation of longlived or aggregate prone proteins (Mizushima, 2007) . RNAi inactivation of the autophagy gene lgg-1 has no effect on the periodic expression of LIT-1 (data not shown). Furthermore, no obvious heterochronic defects are observed in autophagy mutants, including atg-3 and atg-7 (data not shown). The UPS involves covalent attachment of ubiquitin to target proteins and the degradation by the 26S proteasome. Ubiquitin is conjugated to target proteins through the sequential actions of ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin protein ligase (E3). C. elegans contains a single E1, about 20 putative E2 and hundreds of E3 (Kipreos, 2005) . The UPS has been shown to play a role in controlling developmental timing. Loss of function of a SCF E3 ubiquitin ligase complex, including the SKP1-like homolog SKR-1, the cullin homolog CUL-1, the ring finger protein RBX-1, and the F-boxcontaining protein DRE-1, causes precocious heterochronic defects (Fielenbach et al., 2007) . Loss of function of the E3 ligase yet to be defined that mediate the degradation of LIT-1 would be expected to cause a retarded heterochronic phenotype, opposite to that in lit-1 (bp239) mutants.
Multiple functions of Wnt signaling in seam cell development
Previous studies have demonstrated that Wnt signaling regulates several aspects of seam cell development (Korswagen, 2002; Eisenmann, 2005) . The canonical Wnt pathway regulates the expression of the Hox gene mab-5 in seam cells (Hunter et al., 1999) . The Wnt/β-catenin asymmetry pathway determines the asymmetric divisions of T and V5.p by regulating POP-1 asymmetry (Eisenmann, 2005; Huang et al., 2009) . Several lines of evidence indicate that the Wnt/β-catenin asymmetry pathway rather than the canonical Wnt pathway regulates developmental timing. First, mom-4 and lit-1 are specifically involved in the Wnt/β-catenin asymmetry pathway in regulating POP-1 asymmetry Shin et al., 1999; Mizumoto and Sawa, 2007a) . There is no evidence yet for these genes functioning in processes regulated by the canonical Wnt pathway. Second, loss of function of wrm-1, but not bar-1, suppresses the defects in retarded heterochronic mutants in which the L2 stage fate is reiterated. Previous studies demonstrated that bar-1 functions specifically in the canonical Wnt pathway, while wrm-1 acts in the Wnt/β-catenin asymmetry pathway (Mizumoto and Sawa, 2007b) . Third, in the canonical Wnt pathway, APR-1 is a component of the destruction complex and acts as a negative regulator . Mutations in apr-1 interact with other heterochronic mutants in a way similar to loss of function of lit-1, wrm-1, and pop-1, indicating that apr-1 plays a positive role in specifying temporal identities of seam cells.
The role of Wnt signaling in specifying the temporal fates of seam cells appears to be separated from its function in controlling the symmetric/asymmetric division of seam cells. lit-1(bp239), wrm-1 (ne1982), and mom-4(ne1539) mutants used in this study have a wild-type number of seam cells, while they suppress the retarded heterochronic mutants with a repetition of the L2 stage-specific fate and enhance the precocious heterochronic defects in lin-28, lin-14 or lin-42 mutants. Loss of function of apr-1, lit-1, mom-4, or pop-1 has different effects on the symmetric/asymmetric division of seam cells but exhibit similar genetic interactions with other heterochronic mutants. apr-1(bp298) and pop-1(RNAi) animals have an increased number of seam cells due to symmetric division of seam cells at the L4 stage (Huang et al., 2009) , while the number of seam cells is reduced in mom-4;lit-1 mutants (Takeshita and Sawa, 2005) . Animals carrying a transgene containing multiple copies of wild-type lit-1 have a wildtype number of seam cells. However, the lit-1 transgene suppresses the precocious heterochronic phenotype of lin-28 and lin-42 mutants. Moreover, reduced or increased number of seam cells resulted from the defect in the asymmetric/symmetric division of seam cells does not cause heterochronic defects. The symmetric seam cell division at the L2 larval stage is skipped in mutants of rnt-1 and bro-1 (encoding the C. elegans RNT-1/CBF-β complex) and ceh-16 (encoding the C. elegans Engrailed homolog) (Nimmo et al., 2005; Xia et al., 2007; Kagoshima et al., 2007; Huang et al., 2009) . Mutations in rnt-1, bro-1, and ceh-16 neither cause heterochronic defects on their own nor have an effect on the defects in other heterochronic mutants (Xia et al., 2007; Huang et al., 2009 ). These observations indicate that the symmetric/asymmetric division pattern of seam cells is uncoupled from the temporal fates adopted by seam cells. Our study demonstrates that the Wnt/β-catenin asymmetry pathway plays a key role in coordinating developmental timing with other aspects of seam cell development.
